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Edited by Barry HalliwellAbstract Oxidative stress and low grade chronic inﬂammation
are increased in accumulating fat. Our objective was to test
whether 4-hydroxynonenal (4-HNE), an end-product of lipid per-
oxidation, aﬀects cyclooxygenases in 3T3-L1 adipose cells. 4-
HNE increased COX-2 mRNA and protein expression and
p38MAP-kinase phosphorylation in a dose-dependent manner.
Pretreatment of 3T3-L1 cells by a selective inhibitor of
p38MAPK (PD 169316) abolished 4-HNE and glucose oxidase
induced COX-2 expression.
Our results show that oxidative stress induces COX-2 expres-
sion through the production of 4-HNE which activates p38MAP-
Kinase, suggesting that 4-HNE links oxidative stress and chronic
inﬂammation through the activation of cyclooxygenase.
 2007 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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A role for oxidative stress has been suggested in numerous
pathophysiologic states such as obesity [1], type 2 diabetes
[2], atherosclerosis [3], metabolic syndrome [4] and aging [5].
A recent study has pointed out an increased oxidative stress
in accumulating adipose tissue [1]. Furthermore, low-grade
inﬂammation has been observed in young obese children [6]
and obese adults [7]. The inﬂammatory response is mediated
by various signaling molecules and enzymatic pathways,
among which cyclooxygenase (COX) is one of the most pre-
dominant. COX catalyzes the formation of prostaglandins
from phospholipase A2-released arachidonic acid (AA). Two
diﬀerent COX enzymes, encoded by diﬀerent genes, have been
identiﬁed: COX-1, the constitutive form which is present under
basal conditions in most tissues, and COX-2, the inducible
form which is hardly present under basal conditions or present*Corresponding author. Address: INSERM, UMR 870, 11 Ave J.
Capelle, INSA de Lyon, 69621, Villeurbanne, France. Fax: +33 4 72 43
85 24.
E-mail address: alain.geloen@insa-lyon.fr (A. Ge´loe¨n).
0014-5793/$32.00  2007 Federation of European Biochemical Societies. Pu
doi:10.1016/j.febslet.2007.04.048in very low concentration. COX-2 expression can rapidly be
induced by several stimuli such as proinﬂammatory cytokines.
4-Hydroxy-2-nonenal (4-HNE) is one of the major end-
products of lipid peroxidation. It is formed after oxidation
of omega-6 fatty acids [8] and has been shown to be involved
in signal transduction.
In a previous study, we have shown that the concentration of
4-HNE was increased in 3T3-L1 adipose cells exposed to oxi-
dative stress [9]. The eﬀects of 4-HNE on adipose cells are un-
known. The aim of the present study was to identify the
mechanisms involved in the response of 3T3-L1 adipose cells
to 4-HNE. As prostaglandins are known to aﬀect adipose cell
development, we measured the expression of COX-1 and 2 in
response to increasing concentrations of 4-HNE. We also mea-
sured the activation of mitogen-activated protein kinase
(MAPK) pathway, since it has been demonstrated to be consis-
tently involved in 4-HNE signaling [10]. We show here that
COX-2 increased expression in response to 4-HNE is under
p38MAPK control. These results suggest that 4-HNE could
be a link between oxidative stress and inﬂammation in 3T3-
L1 adipose cells.2. Materials and methods
2.1. Cell culture
3T3-L1 ﬁbroblasts were obtained from American Type Culture Col-
lection (Manassas, VA). Cells were grown in Dulbecco’s modiﬁed
Eagle’s medium (DMEM) supplemented with 10% newborn calf ser-
um, 4 mM glutamine, 4 nM insulin (Actrapid Human, Novo),
10 mMHepes, 25 lg sodium ascorbate, 100 IU penicillin, 100 lg strep-
tomycin, and 0.25 lg amphotericin B per mL, at 37 C in water satu-
rated atmosphere with 5% CO2 in air, (Heraeus incubator, BB16).
Adipocytes were studied 10–12 days after diﬀerentiation which was
induced by insulin (5 lg/mL), IMBX (0.5 mM) and dexamethasone
(1 lM). 4-HNE used was from Cayman Chemical Company.
2.2. Quantiﬁcation of 4-HNE
4-HNE was measured as previously described [9]. Five hundred
microliters of adipocyte suspension was used to measure 4-HNE. Fif-
teen nanograms of 4-HNE-CD3 was synthesized according to a technic
previously described [11] and added as an internal standard. Pentaﬂu-
orobenzyl oxime, trimethylsilyl ether (PFB-TMS) derivatives were ana-
lyzed by gas chromatography–mass spectrometry (GC–MS). The
quantiﬁcation was done using selected ion monitoring according to
the NICI mass spectral data obtained with standard 4-HNE. Ions at
m/z 283, 313, 333, and 403 and 286, 316, 336, and 406 were monitored
for 4-HNE and 4-HNE-CD3, respectively.blished by Elsevier B.V. All rights reserved.
B. Zarrouki et al. / FEBS Letters 581 (2007) 2394–2400 23952.3. Immunoﬂuorescence detection of 4-HNE
3T3-L1 adipocytes were exposed to 50 mU/mL of glucose oxidase
for 16 h. Cells were ﬁrst washed with PBS and then ﬁxed with 3% para-
formaldehyde in PBS for 30 min, quenched with 50 mM NH4Cl. Cells
were permeabilized by treatment with 50 lg/mL of digitonin for 10 min
and blocked with 0.1% BSA in PBS. Anti-HNE (US Biological) was
added (1/500) and incubated for 1 h. After washing three times with
PBS, Alexa 546-conjugated anti-rabbit antibody (Molecular Probes),
diluted 1/1000 was added for 1 h. Cells were examined by ﬂuorescence
microscopy with a Zeiss Axiovert 200 microscope, a Zeiss Axiocam
MRm camera, and Axiovision 4.1 image acquisition software.
2.4. Quantiﬁcation of prostaglandin production
At the end of the treatment period, cells were washed twice and incu-
bated for 30 min with Krebs buﬀer containing 2 · 104 M of acetylsal-
icylic acid for 30 min at 37 C and then collected. Deuterated standards
(10 ng of d4-PGD2, d4-PGE2 and d4-PGF2a from Cayman) were
added to the cell suspension. Extraction was performed with
12.5 mL of ethyl acetate (EA). The organic phase was kept and the
lower phase was extracted twice. After each extraction, the superna-
tants containing PGs were pooled and dried under nitrogen. The
resulting residue was solubilized into 250 lL of EA and PGs were sep-
arated by TLC with the organic solvent mixture: diethyl ether/hexane/
methanol 50:40:15 (v/v/v). The silica areas corresponding to PGs of
interest, with reference to standard PGs that migrated in parallel, were
scraped oﬀ the plate and extracted three times with 2 mL of EA, and
then derivatized into methoxime–pentaﬂuorobenzylester–trimethylsily-
lether (MO–PFB–TMS) derivatives. Products of derivatization wereA
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Fig. 1. COX-1 and COX-2 expressions by glucose oxidase in 3T3-L1
adipocytes. Culture 3T3-L1 adipocytes, 10 days after diﬀerentiation,
were exposed to increasing concentrations of glucose oxidase for 16 h
(1–50 mU/mL) in Krebs buﬀer or the vehicle. Proteins were separated
by SDS–PAGE and analyzed with antibodies against COX-1 and
COX-2. (A) Inductions were examined by immunoblot analysis. (B)
Results of densitometric analysis of COX protein expression. Data are
means ± S.E.M. of three separate experiments, *P < 0.05.then analyzed by gas chromatography–mass spectrometry (GC–MS
Agilent Technologies). The quantiﬁcation was done using selected
ion monitoring according to the NICI mass spectral data obtained
with standards. Ions at m/z 524.2 versus 528.2, and 569.2 versus
573.2 were monitored for unlabeled and deuterated PGs, respectively.
2.5. Western blot analysis for cyclooxygenases and p38MAP kinase
After treatments, cells were rinsed twice with PBS, and scraped into
Cellytic M lysis buﬀer from Sigma–Aldrich supplemented with prote-
ase inhibitors, according to the manufacturer’s recommendations.
After centrifugation at 14000 · g for 15 min at 4 C, the soluble frac-
tion was collected, and protein content was determined using the Brad-
ford protein assay. Thirty micrograms of total proteins were separated
by SDS–PAGE (12% gel) and electroblotted onto nitrocellulose mem-
branes (Bio-Rad Laboratories Inc.). After blocking with 5% BSA [in
TBS containing 0.05% Tween 20 (TBST)] for 60 min at room temper-
ature, the membrane was incubated with the primary antibody at the
appropriate dilution (rabbit anti-COX-2 (Cayman), 1:1,000; rabbit
anti-COX-1 (Cayman), 1:1,000; rabbit anti-p38 (Cell Signalling),
1:1000; and rabbit anti-Pp38 (Cell Signalling), 1:1000) at 4 C over-
night or for 1 h at room temperature. After washing twice with TBST,
the membrane was probed with HRP conjugated secondary antibody
(anti-rabbit IgG (Santacruz) at 1:10,000) at room temperature for
1 h. The membrane was then washed twice with TBST, and signals
were visualized by enhanced chemiluminescence (Amersham). Imag-
Quant was used to quantify the relative density of bands.A
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Fig. 2. RT-PCR analysis of COX-1 and COX-2 in 3T3-L1 adipocytes
treated with glucose oxidase (1–50 mU/mL) or its vehicule. Results are
expressed in arbitrary units as the ratio COX/b-actin. (A) RT-PCR
blot determining COX. (B) Results of densitometric analysis of COX
protein expressions were normalized to that of b-actin and control.
Data are means ± S.E.M. of three separate experiments, *P < 0.05.
2396 B. Zarrouki et al. / FEBS Letters 581 (2007) 2394–24002.6. Determination of cyclooxygenase gene expression
mRNA were extracted using Tri Reagent (Sigma). Cyclooxygenases
mRNA expression was measured by RT-PCR in a thermocycler (Pri-
mus, Nyxor; Paris). One microgram of total RNA was reverse tran-
scribed using the OneStep Qiagen Kit. Samples were incubated in a
ﬁnal volume of 50 lL for reverse transcription at 50 C for 30 min fol-
lowed by inactivation of RT and activation of polymerase at 95 C for
15 min and by a 27 cycles consisting of denaturation at 94 C for 60 s,
annealing at 58 Cfor 75 s, extensionat 72 Cfor 90 s and theﬁnal exten-
sion at 72 C for 10 min. The following primer pairs were used: COX-1
(NM_008969) TTCTGCCCTCTGTACCCAAA (sense) and AA-
GGATGAGGCGAGTGGTCT (antisense); COX-2 (NM_011198)
CCGTGGGGAATGTATGAGCA(sense) andCCAGGTCCTCGCT-
TATGATCTG (antisense) and b-actin (X03672), CCAGGGTGT-
GATGGTGGGAATG (sense) and CGCACGATTTCCCTCTCAG-
CTG (antisense).
2.7. Statistical analysis
All data are expressed as means ± S.E.M. Values have been evalu-
ated with a two-way ANOVA using StatView program of the MacIn-
tosh system. A Fisher least protected least signiﬁcant diﬀerence
(PLSD) post hoc test was used for group comparisons. Statistical sig-
niﬁcance was set at P lower than 0.05.A Concentrations of 4-HNE (µM)3. Results
3.1. Increased COX-2 expression in response to oxidative stress
Under basal conditions, COX-2 protein expression was
hardly detectable in 3T3-L1 adipose cells while COX-1 expres-0
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Fig. 3. 4-HNE production by 3T3-L1 adipocytes in the presence of
increasing concentrations of glucose oxidase. Adipocytes were studied
12 days after diﬀerentiation. They were incubated in Krebs Ringer
phosphate buﬀer supplemented with various concentrations of glucose
oxidase for 16 h. Results are means ± S.E.M. of four separate
experiments, *P < 0.05.
Fig. 4. Glucose oxidase mediates 4-HNE formation in 3T3-L1
adipocytes. 3T3-L1 cells were exposed to 50 mU/mL of glucose
oxidase for 16 h. Cells were ﬁxed, permeabilized and incubated in
presence of anti-HNE. After washing, the primary antibody was
detected with Alexa546-conjugated anti-rabbit antibody (C, control;
GO, glucose oxidase).sion was clearly visible (Fig. 1). COX-1 expression was not af-
fected by oxidative stress induced by glucose oxidase. On the
contrary, COX-2 expression increased in response to glucose
oxidase exposure, the diﬀerence being signiﬁcant for glucose
oxidase at 25 and 50 mU/mL. Since increased COX-2 expres-
sion may result from an increased mRNA stability [12], we
measured mRNA coding COXs. Under the conditions used
for Fig. 1, the COX-2 mRNA increased in response to glucose
oxidase concentration, the diﬀerence being signiﬁcant from
12.5 mU/mL, while COX-1 mRNA remained unchanged
(Fig. 2).
3.2. Increased prostaglandins production in response to oxidative
stress
Activity of COX proteins was estimated by the measurement
of prostaglandins. To obtain a better activity index of COX,
the sum of the three prostaglandins PGE2, PGD2 and PGF2a
has been measured in response to 25 mU/mL of glucose oxi-
dase. Basal prostaglandin production was 64.7 ± 3.8 ng/mg
protein. It increased by 50% in response to glucose oxidase
at 25 mU/mL (95.3 ± 5.2 ng/mg protein, P < 0.05).B
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Fig. 5. COX-1 and COX-2 protein expression in 3T3-f L1 adipocytes
in response to 4-HNE treatment. Cultured 3T3-L1 adipocytes, 10 days
after diﬀerentiation, were exposed to increasing concentrations of 4-
HNE for 16 h (1–50 lM) in Krebs buﬀer or the vehicle. Proteins were
separated by SDS–PAGE and analyzed with antibodies against COX-1
and COX-2. (A) Inductions were examined by immunoblot analysis.
(B) Results of densitometric analysis of COX protein expression. Data
are means ± S.E.M. of three separate experiments, *P < 0.05.
B. Zarrouki et al. / FEBS Letters 581 (2007) 2394–2400 23973.3. Increased 4-HNE concentration in response to glucose
oxidase
We measured 4-HNE production in 3T3-L1 adipocytes
under basal conditions and in response to increasing concen-
trations of glucose oxidase. In the absence of glucose oxidase,
the production of 4-HNE was measurable with average values
of 5.2 ± 0.4 pmol/mg protein. The smallest concentrations of
glucose oxidase had no eﬀect on HNE production (from 1 to
12.5 mU/mL). Higher concentrations signiﬁcantly increased
HNE concentration in 3T3-L1 adipocytes (Fig. 3). The pres-
ence of 4-HNE within 3T3-L1 adipocytes was revealed
in situ using immunoﬂuorescence detection. In control cells,
the presence of 4-HNE was hardly visible. In glucose oxidase
treated cells, immunoﬂuorescence microscopy indicated the
presence of 4-HNE in the perinuclear and the cytoplasmic re-
gion at the exclusion of lipid droplet (Fig. 4).
3.4. Increased COX-2 expression by 4-HNE
Since 4-HNE was increased in 3T3-L1 cells in response to
oxidative stress, we tested the eﬀect of increasing concentra-
tions of 4-HNE on COX expression. Under basal conditions,
COX-2 protein expression was hardly detectable in 3T3-L1
adipose cells while COX-1 protein expression was clearly visi-A
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Fig. 6. RT-PCR analysis of COX-1 and COX-2 mRNAs in 3T3-L1
adipocytes treated with 4-HNE. Results are expressed in arbitrary
units as the ratio COX/beta actin. (A) RT-PCR blot determining COX.
(B) Results of densitometric analysis of COX protein expressions were
normalized to that of b-actin and control. Data are means ± S.E.M. of
three separate experiments, *P < 0.05.ble (Fig. 5). We observed that COX-2 protein expression in-
creased in response to 4-HNE at 50 lM while that of COX-1
remained unchanged whatever the concentrations of 4-HNE
(Fig. 5). Transcriptional regulation of COX was demonstrated
using RT-PCR. Under the same experimental conditions,
expression of COX-2 mRNA increased signiﬁcantly in re-
sponse to 4-HNE. The signiﬁcant eﬀect of 4-HNE appeared
from 25 lM (Fig. 6). No eﬀect of 4-HNE was observed on
COX-1 mRNA expression. Then the kinetic of COX-2 activa-
tion by 4-HNE was examined. The 4-HNE induced activation
of COX-2 mRNA started after 8 h while COX-2 protein signif-
icantly increased after 12 h of activation (Fig. 7).
3.5. Inhibition of 4-HNE-induced activation of COX-2 by N-
acetylcysteine
We tested the eﬀect of the chemical anti-oxidant N-acetylcys-
teine (NAC) on COX-2 expression induced by 4-HNE. The
preincubation of 3T3-L1 adipocytes in presence of NAC com-
pletely abolished 4-HNE-induced activation of COX-2 protein
(Fig. 8).
3.6. Activation of p38MAPK by 4-HNE
In several studies, 4-HNE has been demonstrated to consis-
tently involve the mitogen-activated protein kinase pathway
(MAPK). For that reason we measured the phosphorylation
of p38MAPK in response to increasing concentrations of 4-
HNE. The phosphorylation of p38MAPK was signiﬁcantlyA
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Fig. 7. Activation of COX-2 mRNA expression and protein concen-
tration during 4-HNE exposure. 3T3-L1 adipocytes were treated with
4-HNE for diﬀerent time intervals as indicated. Cell lysis, COX-2
mRNA and protein assays were performed as described under Section
2. Data are means ± S.E.M. of three separate experiments, *P < 0.05.
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Fig. 10. Eﬀect of the pMAPK inhibitor on 4-HNE induced activation
of COX-2. 3T3-L1 cells were pretreated with 5 lM of PD 169316 for
30 min before 4-HNE exposure at 50 lM for 16 h. Equal amounts of
total proteins were separated on SDS–PAGE and immunoblotted with
anti-COX-2 or anti-COX-1 antibodies. Three independent experiments
were carried out with similar observations. (A) One representative blot
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Fig. 8. Inhibition of 4-HNE induced COX-2 protein expression by
preincubation with N-acetylcysteine. 3T3-L1 adipocytes were preincu-
bated for 3 h with 1 mM NAC before treatment with 4-HNE at 50 lM
for 16 h. Data are means ± S.E.M. of three separate experiments,
*P < 0.05.
2398 B. Zarrouki et al. / FEBS Letters 581 (2007) 2394–2400increased from 5 lM of 4-HNE and further increased in
response to higher 4-HNE concentrations (Fig. 9). To conﬁrm
the eﬀect of p38MAPK on 4-HNE-induced COX-2 expression
in adipose cells, we tested the speciﬁc p38MAPK inhibitor,
PD169316. 3T3-L1 adipocytes were pretreated with 5 lM of
PD169316 for 30 min before 4-HNE treatment. As shown in
Fig. 10, the p38MAPK inhibitor totally suppressed the en-
hanced COX-2 protein expression observed in response to 4-
HNE.
3.7. Inhibition of MAPK pathway impairs COX-2 expression
induced by oxidative stress
It remained to know whether most of the over-expression of
COX-2 in response to upstream oxidative stress is entirely sig-A
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Fig. 9. Eﬀect of 4-HNE concentrations on activation of p38MAPK.
3T3-L1 cells were treated with increasing concentrations of 4-HNE for
16 h. Equal amounts of total proteins were separated on SDS–PAGE
and immunoblotted with anti-Pp38 or anti-p38 antibodies. Three
independent experiments were carried out with similar observations.
(A) One representative blot is shown. (B) Phosphorylation levels
(Pp38) were evaluated by densitometry and compared to untreated
samples. Data are means ± S.E.M. of three separate experiments,
*P < 0.05.
is shown. (B) Results of densitometric analysis of COXs protein
expression. Data are means ± S.E.M. of three separate experiments,
*P < 0.05.nalled through MAPK pathway. To answer that question,
COX-2 expression was measured in 3T3-L1 cells preincubated
with the inhibitor PD169316 and then exposed to glucose oxi-
dase. The results show that COX-2 expression was abolished in
presence of the MAPK inhibitor (Fig. 11), suggesting that
p38MAPK is involved in the COX-2 expression in response
to oxidative stress.4. Discussion
Oxidative stress is involved in numerous pathophysiological
processes. Furukawa et al. [1] showed that oxidative stress is
generated in white adipose tissue in obese WWKy mice sup-
porting the view that it may participate in the metabolic com-
plications associated with obesity. We have recently shown
that oxidative stress decreases adiponectin production, sug-
gesting that it may play a role in insulin resistance and athero-
genesis observed in obesity [9]. Our results show that oxidative
stress is a potent and speciﬁc COX-2 activator in 3T3-L1 adi-
pose cells (Fig. 1). Indeed, COX-2 expression was signiﬁcantly
increased in response to oxidative stress while that of COX-1
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Fig. 11. Eﬀect of oxidative stress and the pMAPK inhibitor PD
169316 on COX-2 protein expression. 3T3-L1 cells were pretreated
with 5 lM PD 169316 for 30 min before glucose oxidase exposure at
25 mU/mL for 16 h. Equal amounts of total proteins were separated
on SDS–PAGE and immunoblotted with anti-COX-2 or anti-COX-1
antibodies. Three independent experiments were carried out with
similar observations. (A) One representative blot is shown. (B) Results
of densitometric analysis of COXs protein expression. Data are
means ± S.E.M. of three separate experiments, *P < 0.05.
B. Zarrouki et al. / FEBS Letters 581 (2007) 2394–2400 2399remained unchanged. Similarly, the COX-2 mRNA was in-
creased in response to oxidative stress while the one encoding
COX-1 remained unchanged (Fig. 2). Oxidative stress by glu-
cose oxidase resulted in a 50% prostaglandin overproduction
showing that the activation of COX-2 is functional. 4-HNE
is present in 3T3-L1 adipocytes under basal conditions. Oxida-
tive stress produced by glucose oxidase markedly increased its
concentration in adipose cells at 25 mU/mL (Fig. 3). We also
showed the presence of 4-HNE using immunoﬂuorescence
(Fig. 4). The goal of the present study was to identify whether
4-HNE is a possible intracellular mediator of oxidative stress
in adipose cells. Indeed, we observed that 4-HNE induced
COX-2 mRNA and protein expressions (Figs. 5 and 6) sug-
gesting that 4-HNE is a mediator of oxidative stress in 3T3-
L1 adipose cells. The kinetic of COX-2 activation shows that
mRNA coding COX-2 increased 8 h after treatment with
4-HNE, while the COX-2 protein increased after 12 h of treat-
ment (Fig. 7). COX-2 protein stimulation by 4-HNE was
totally inhibited when adipocytes were preincubated with the
antioxidant N-acetyl-cysteine (Fig. 8). The induction ofCOX-2 expression by 4-HNE has been found in several cell
types including epithelial RL34 cells [13], vascular smooth
muscle cells [14] and macrophages [15]. Our data extend these
results to 3T3-L1 adipose cells. Furthermore, we found that 4-
HNE induced the phosphorylation of p38MAPK (Fig. 9).
Numerous evidences show that p38MAPK is an important
regulator of both COX-2 transcription and mRNA stability
[16]. Indeed, p38MAPK activated by 4-HNE increased the sta-
bility of COX-2 mRNA in human umbilical vein endothelial
cells (HUVEC) and in RL34 epithelial cells [12,16,17].
Therefore, a possible mechanism for the signal transduction
pathway of cyclooxygenase by oxidative stress in 3T3-L1 adi-
pose cells would be that oxidative stress induces the intracellu-
lar production of 4-HNE which activates p38MAPK (Fig. 9)
with a resulting increased expression of COX-2 mRNA and
protein. Indeed, the inhibition of p38MAPK inhibits COX-2
protein expression induced by 4-HNE (Fig. 10). Furthermore,
when adipose cells are exposed to glucose oxidase instead of 4-
HNE, the pretreatment with the speciﬁc p38MAPK inhibitor,
PD 169316, totally abolished the increased expression of COX-
2 protein (Fig. 11), suggesting that most of the intracellular sig-
naling of oxidative stress is mediated through p38MAPK. In
conclusion, our study establishes a role for 4-HNE as a possi-
ble link between oxidative stress and chronic inﬂammation in
3T3-L1 adipose cells.
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